This study investigated the combination of environmental enrichment (EE) with cocaine-cue extinction training on reacquisition of cocaine self-administration. Rats were trained under a second-order schedule for which responses were maintained by cocaine injections and cocaine-paired stimuli. During three weekly extinction sessions, saline was substituted for cocaine but cocaine-paired stimuli were presented. Rats received 4-h periods of EE at strategic time points during extinction training, or received NoEE. Additional control rats received EE or NoEE without extinction training. One week later, reacquisition of cocaine self-administration was evaluated for 15 sessions, and then GluA1 expression, a cellular substrate for learning and memory, was measured in selected brain regions. EE provided both 24 h before and immediately after extinction training facilitated extinction learning and deterred reacquisition of cocaine self-administration for up to 13 sessions. Each intervention by itself (EE alone or extinction alone) was ineffective, as was EE scheduled at individual time points (EE 4 h or 24 h before, or EE immediately or 6 h after, each extinction training session). Under these conditions, rats rapidly reacquired baseline rates of cocaine selfadministration. Cocaine self-administration alone decreased total GluA1 and/or pSer845GluA1 expression in basolateral amygdala and nucleus accumbens. Extinction training, with or without EE, opposed these changes and also increased total GluA1 in ventromedial prefrontal cortex and dorsal hippocampus. EE alone increased pSer845GluA1 and EE combined with extinction training decreased pSer845GluA1 in ventromedial prefrontal cortex. EE might be a useful adjunct to extinction therapy by enabling neuroplasticity that deters relapse to cocaine self-administration.
INTRODUCTION
Addiction is thought to represent a pathological disruption of mechanisms associated with reward-related learning and memory (Hyman et al. 2006) . Through associative learning, drug-paired stimuli (cues) can gain salience and exert a powerful influence over drug-seeking behavior. Even following abstinence, re-exposure to drugpaired cues can serve as a powerful trigger of relapse (Childress et al. 1999) . Consequently, extinguishing the impact of cues paired with drug use is an especially important goal for effective treatment of drug addiction. Although cue-exposure (extinction) therapy appears to be minimally effective as a stand-alone treatment for drug addiction (Conklin & Tiffany 2002) , preclinical research that employed cognitive-enhancing pharmacotherapy (e.g. d-cycloserine (DCS) or a glycine transporter-1 inhibitor) in conjunction with cocaine-cue extinction training has shown significant reductions in the reacquisition of cocaine self-administration in rats and monkeys (Achat-Mendes et al. 2012; Nic Dhonnchadha et al. 2010; Nic Dhonnchadha et al. 2012 ). An unexplored question is whether adjunct use of a cognitive-enhancing behavioral strategy with cocaine-cue extinction training is also efficacious in reducing relapse to cocaine self-administration.
Environmental enrichment (EE) improves learning and memory and produces neuroplasticity in the brains of animals and humans (Sale et al. 2014; van Praag et al. 2000) . In preclinical studies, EE refers to conditions in which animals have access to social, physical and cognitive stimulation (van Praag et al. 2000) . Most studies examining effects of EE in animals trained to selfadminister cocaine used relatively long-term enriched housing conditions spanning several weeks (e.g. Chauvet et al. 2009; Thiel et al. 2009; Thiel et al. 2012) . To be of practical use in therapeutic settings, however, EE would need to be relatively brief (i.e. on the order of a few hours). The potential efficacy of brief EE interventions is supported by studies showing activation of limbic and cortical sites and improvement of memory after as little as 1 h of EE (Ali et al. 2009; Degroot et al. 2005) . The main goal of the current study was to determine whether brief interventions of EE, provided in 4-h periods, could enhance cocaine-cue extinction learning and reduce subsequent reacquisition of cocaine self-administration in rats with cocaine self-administration histories.
We also measured changes in α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) GluA1 at the conclusion of the self-administration reacquisition phase. There is now a sizable literature showing that AMPARs are the primary mediator for neuronal communication underlying basal and higher brain functions. Previous studies have established that the primary cellular means employed for synaptic plasticity, the cellular substrate for learning and memory, is alteration of AMPAR abundance at the postsynaptic domain (Huganir & Nicoll 2013; Malinow & Malenka 2002) . Moreover, phosphorylation of AMPAR GluA1 subunits plays an important role in AMPAR trafficking and synaptic function (Lee et al. 2003; Man et al. 2007) . Notably, GluA1 and phosphorylated GluA1 at serine 845 (pSer845GluA1) have been implicated previously in cocaine selfadministration and cocaine-cue extinction learning (Nic Dhonnchadha et al. 2013; Pierce & Wolf 2013) .
MATERIALS AND METHODS

Subjects
Naïve male Wistar rats (Crl[WI]BR; Charles River Laboratories, USA) approximately 60 days old (276-300 g) upon arrival were housed in individual cages in a temperature-(21-23°C) and light-(08:00 h on; 20:00 h off) controlled vivarium and had unlimited access to food and water. After 72 h of acclimation, 16-20 g of food was provided daily to maintain rats at approximately 90% of the growth-adjusted free-feeding body weight. Policies and procedures in the 8 th edition of the NIH Guide for
Care and Use of Laboratory Animals were followed. The Boston University Institutional Animal Care and Use Committee approved all research protocols.
Apparatus
Chambers used for cocaine self-administration and food pellet reinforcement were as previously described (Szalay et al. 2013) . Environmental enrichment took place in a 76 × 46 × 74 cm powder-coated wire cage (Super Pet Inc., Walnut Creek, CA, USA) equipped with two running wheels, three levels of ramps and platforms, movable tunnel structures, numerous manipulable items and chew toys. Items were changed each session to maintain novelty. Commercial bedding covered the cage floor, and pieces of sweetened cereal were hidden in various locations throughout the cage to encourage foraging.
Catheter surgery and maintenance
Prior to surgery, rats were trained to lever press using a fixed-ratio (FR) 1 schedule of food presentation (45 mg food pellets; Bio-Serv, Frenchtown, NJ, USA). Catheters then were implanted in the right femoral vein as described previously (Szalay et al. 2013 ) and flushed daily with 30 IU/ml of heparinized 0.9% saline (SAGENT Pharmaceuticals, Schaumburg, IL, USA) and 67 mg/ml of Timentin (Glaxo-SmithKline, Research Triangle Park, NC, USA). Over weekends and holidays, a locking solution consisting of glycerol (Sigma-Aldrich, St. Louis, MO, USA) and 1000 U/ml heparin (3:1) filled the catheter dead space. The solution was removed and replaced with 3.0 IU/ml heparinized 0.9% saline prior to the start of the next behavioral session. Catheters were checked daily for leaks and tested periodically for patency by infusing 1.0 mg/0.1 ml of methohexital sodium (JHP Pharmaceuticals, Rochester, MI, USA), which induces rapid transient loss of muscle tone. Improperly functioning catheters were surgically removed and replaced by a catheter implanted in the left femoral vein.
Cocaine self-administration
Intravenous (i.v.) cocaine self-administration sessions began one week after catheterization surgery. Cocaine hydrochloride (NIDA, Bethesda, MD, USA) was dissolved in heparinized 0.9% saline (3.0 IU/ml) to a final concentration of 1.6 mg/ml. Rats were trained initially to (Fig. 1 ). During this phase of selfadministration training, all rats also were exposed in weekly 15-min periods to the EE chamber and companion animals to ensure that all groups had the same handling history prior to the test phases and to minimize the potential unwanted influence of stress in rats receiving the EE treatment protocol described below.
EXPERIMENT 1: EVALUATION OF EE AND EXTINCTION TRAINING
Once baseline self-administration performance was established, rats were randomly assigned to treatment for Experiment 1 (Fig. 1 ) and received three weekly 1-h extinction sessions in conjunction with environmental enrichment (EXT + EE; n = 19) or no environmental enrichment (EXT + NoEE; n = 19). During extinction sessions, lever pressing was extinguished by substituting saline for cocaine while maintaining the presentation of cocaine-associated stimuli, i.e. background white noise and the response-contingent cue light, under the FI 2-min [FR 5: S] schedule. This spaced-extinction procedure is analogous to clinical treatment protocols utilizing weekly 1-h cue-extinction sessions . EE consisted of physical (exercise), social (presence of other rats) and cognitive (novel objects) components, as this combination is thought to provide the best outcome for improving learning and memory (van Praag et al. 2000) . For EE, the same three to four rats were placed together during each enrichment period. The EE exposure time was a 4-h brief intervention occurring both 24 h before and immediately after each extinction session. These times were chosen based on previous findings showing that EE used 24 h before extinction training can activate limbic and cortical sites (Ali et al. 2009 ) and that EE used immediately after extinction training coincides with the time frame for memory consolidation, i.e. up to 4 h post-training (Inda et al. 2005) . During the weekly extinction phase, rats remained in their individual home cages at all times except during the extinction sessions and periods of EE. One week following the final weekly extinction session, cocaine was again made available under the second-order schedule, and reacquisition of cocaine self-administration was evaluated for 15 daily sessions.
EXPERIMENT 2: EVALUATION OF ABSTINENCE (NO EXTINCTION) CONTROL CONDITIONS
To determine specificity of EE combined with extinction training, Experiment 2 was conducted in two additional groups of rats randomly assigned to treatment and tested under abstinence control conditions following baseline cocaine self-administration training ( Fig. 1 ). During three weekly 1-h abstinence sessions, levers were retracted in the chambers, no cocaine-associated stimuli (cue light or white noise) were presented and no infusions were delivered. Each group also received either environmental enrichment (NoEXT + EE; n = 10) or no environmental enrichment (NoEXT + NoEE; n = 15) as described above. The abstinence control sessions were followed by 15 cocaine self-administration reacquisition sessions as described above.
EXPERIMENT 3: REGIONAL CHANGES IN TOTAL GLUA1 AND PSER845GLUA1 EXPRESSION
To evaluate changes in total and pSer845 GluA1 expression, a subset of rats from each of the test groups in Experiments 1 and 2 was sacrificed by guillotine 24 h following the last reacquisition session (EXT + EE n = 12; Figure 1 Schematic showing the experimental timeline with various treatments administered once weekly during the 3-week intervention period. Abbreviations: EXT-extinction; EE-environmental enrichment; NoEXT-no extinction (abstinence); NoEE-no environmental enrichment EXT + NoEE n = 13; NoEXT + EE n = 8; NoEXT + NoEE n = 8). In addition, two yoked-saline groups were included for control purposes in the molecular analyses. Rats in the first saline group (n = 8) were yoked to rats in the EXT + EE cocaine group, and rats in the second saline group (n = 6) were yoked to rats in the EXT + NoEE cocaine group. For this procedure, passive delivery of i.v. saline injections and cue light presentations in the yoked-rat was controlled by lever responding in the paired-rat undergoing cocaine self-administration and cocaine-cue extinction training under the second-order schedule. The saline group yoked to the EXT + EE cocaine group also received EE during the extinction phase, as described above. Selected brain areas were rapidly dissected using a coronal brain matrix (RBM-4000C, ASI Instruments, Warren, MI) using methods described previously (Heffner et al. 1980) . The basolateral amygdala (BLA), ventromedial prefrontal cortex (vmPFC), nucleus accumbens (NAc) and dorsal hippocampus (DH) were dissected immediately on ice-cooled plates from the 1-mm slices, flash frozen in isopentane and stored at À80°C. Western blot analysis was performed as previously described (Lin et al. 2011) . The assay used antibodies against GluA1ct diluted at 1:1000 (Lin et al. 2011) , pSer845GluA1 diluted at 1:500 (Millipore, Billerica, MA) and tubulin diluted at 1:1000 (Sigma, St. Louis, MO). Membranes were visualized using ECL (Amersham, Piscataway, NJ), and immunointensity was measured using Image J (http://rsbweb.nih.gov/ij/download.html) by a person blinded to the status of the animal. Samples from each behavioral group were processed at the same time, such that each western batch contained tissue from each experimental group. For GluA1 or pSer845GluA1 blots, a band at 110 kD was measured and quantified. All membranes were reprobed for tubulin to indicate protein loading.
EXPERIMENT 4: EVALUATION OF INDIVIDUAL EE TIME POINTS
To compare the individual contribution of each EE exposure period to the combined effect found to be beneficial in Experiment 1, two additional groups of rats were tested in Experiment 4 (Fig. 1) . The overall experimental design was identical to that of Experiment 1 in that all rats were trained to self-administer 0.3 mg/kg cocaine under the FI 2 min [FR 5: S] schedule after which they received three weekly extinction training sessions followed by 15 daily cocaine self-administration reacquisition sessions. However, groups in Experiment 4 received only a single 4-h period of EE either 24 h before (n = 8) or immediately after (n = 10) each extinction session.
EXPERIMENT 5: EVALUATION OF ALTERNATIVE EE TIME POINTS
To evaluate the impact of EE scheduled at other time points in conjunction with cocaine-cue extinction training, two final groups of rats were exposed to EE outside the memory consolidation window, which is a period up to 4 h post-training (Inda et al. 2005) . After cocaine self-administration baseline training, one group received EE 6 h after (n = 10) and the other group received EE 4 h before (n = 11) each of three weekly extinctiontraining sessions (Fig. 1) . The 6-h post-training time point was selected so that potential time-dependent effects for memory consolidation could be evaluated (Szalay et al. 2013) , whereas the 4-h pre-training time point was selected so that the EE session (lasting 4 h) would be completed just before extinction training began. The 15 daily cocaine self-administration reacquisition sessions followed 1 week later.
DATA ANALYSIS
Baseline cocaine self-administration behavior was calculated for each subject as the mean of active lever responses, inactive lever responses and infusions earned during the last five sessions of stable cocaine selfadministration behavior. Active lever responding during the weekly extinction and daily reacquisition sessions was expressed as percent of baseline because of approximately fivefold differences in baseline response rates among individual rats within each test group. Statistical significance was determined by the appropriate one-way or two-way ANOVA, and the Dunnett t-test was used for multiple comparisons. The EXT + NoEE condition was used as the control group for behavioral measures in Experiments 1-2 and 4-5. This control group was plotted in each figure illustrating behavioral effects.
For the western blot analysis, GluA1 intensities first were normalized to their respective tubulin intensities in individual rats. Given no differences in normalized GluA1 between the two yoked-saline groups (total GluA1: t [12] = À1.88-0.44, p > 0.05; pSer845GluA1: t [12] = 0.03-1.39, p > 0.05), data were combined to form a single saline control group for each measure and brain region. Student t-tests compared the saline control to the cocaine control (NoEXT + NoEE) to determine the effects of cocaine self-administration alone on GluA1 expression. To determine how extinction, EE and the combination of extinction and EE impacted GluA1 expression following reacquisition of cocaine self-administration, individual values were normalized to the cocaine control and compared by two-way ANOVA followed by Tukey tests for multiple comparisons in Experiment 3.
RESULTS
Cocaine self-administration baseline
Cocaine self-administration did not differ among the eight groups prior to initiating treatments (Table 1) . One-way ANOVAs revealed that the mean number of active (p ≤ 0.81) and inactive (p ≤ 0.19) lever responses was not significantly different across groups. Inactive lever responses were <25% of active lever responses for each group. The mean number of cocaine infusions also was not significantly different across groups (p ≤ 0.72).
EXPERIMENT 1: EVALUATION OF EE AND EXTINCTION TRAINING
Responding declined over extinction sessions (F [2,72] = 13.7, p ≤ 0.001) but was significantly lower (p ≤ 0.04) in the EXT + EE group compared with the EXT + NoEE group during the third extinction session (Fig. 2 A) . During reacquisition sessions, treatment was a significant factor in the 2-way ANOVA (F [1,26] = 7.4, p ≤ 0.01), and further testing showed that responding was significantly lower (p ≤ 0.03) in the EXT + EE group compared with the EXT + NoEE group during reacquisition sessions 2-5, 7-11 and 13 (Fig. 2 A) . Cocaine intake during the reacquisition period varied by extinction treatment and session (F [14,364] = 1.9, p ≤ 0.03; treatment × session interaction). The EXT + EE group received significantly fewer (p ≤ 0.04) cocaine infusions compared with the EXT + NoEE group during reacquisition sessions 1-6 (14 versus 20 infusions per session on average, respectively) and during reacquisition sessions 9-10 (17 versus 21 infusions per session on average, respectively).
EXPERIMENT 2: EVALUATION OF ABSTINENCE (NO EXTINCTION) CONTROL CONDITIONS
Under abstinence control conditions, EE provided without extinction training (NoEXT + EE) did not reduce reacquisition of cocaine self-administration (Fig. 2 B) and no ANOVA factors were significant between treatments or over sessions (ps ≥ 0.13). Rats reacquired baseline rates of cocaine self-administration during the first reacquisition session, and responding over the reacquisition period was comparable to no treatment (NoEXT + NoEE) or to extinction training without EE (EXT + NoEE). Cocaine infusions averaged 19 and 22 infusions per session in the NoEXT + EE and NoEXT + NoEE groups, respectively.
EXPERIMENT 3: REGIONAL CHANGES IN TOTAL GLUA1 AND PSER845GLUA1 EXPRESSION
Cocaine self-administration alone reduced total GluA1 and pSer845GluA1 in a region-dependent manner (Fig. 3) . Compared to the yoked-saline control group that did not have a history of cocaine self-administration, the NoEXT + NoEE group with a history of cocaine selfadministration had reduced expression of total GluA1 in BLA (t [20] = 5.60 p ≤ 0.001) and NAc (t [20] = 3.32; p ≤ 0.001), but not in vmPFC or DH. Expression of pSer845GluA1 in BLA also was lower in the NoEXT + NoEE cocaine group (t [20] = 3.90 p ≤ 0.001), with no differences from the yoked-saline control group in vmPFC, NAc or DH.
In animals with a history of cocaine selfadministration, extinction, EE and the combination of extinction and EE altered total GluA1 and pSer845GluA1 in a region-dependent manner as well (Fig. 4) . Several main effects of extinction training were revealed by twoway ANOVAs. Compared to groups that did not receive extinction training (NoEXT + NoEE and NoEXT + EE), groups that received extinction training (EXT + NoEE and EXT + EE) showed increased total GluA1 in BLA (F [1,37] = 10.9, p ≤ 0.002) and NAc (F [1,37] = 8.3, p ≤ 0.006), and increased pSer845GluA1 in BLA (F [1,37] = 13.7, p ≤ 0.001), thus opposing the effects of cocaine self-administration alone. Extinction training 
EXPERIMENT 4: EVALUATION OF INDIVIDUAL EE TIME POINTS
As in the EXT + NoEE group, responses declined over extinction sessions in the groups receiving EE either 24 h before or immediately after extinction training (F [2,54] = 7.9, p ≤ 0.001), but there were no differences between groups during any of the weekly sessions (Fig. 5 A) . During the reacquisition phase, groups receiving EE either 24 h before or immediately after extinction training did not show reduced reacquisition of cocaine selfadministration compared to the EXT + NoEE group (Fig. 5 A) . All three groups reacquired baseline rates of 
EXPERIMENT 5: EVALUATION OF ALTERNATIVE EE TIME POINTS
In groups receiving EE either 4 h before or 6 h after each extinction training session, there was a similar decline in active lever responding relative to the EXT + NoEE group across weekly extinction sessions (F [2,64] = 10.9, p ≤ 0.001), but there were no treatment differences Figure 4 Total GluA1 (A) and pSer845GluA1 (B) protein expression in BLA, vmPFC, NAc and DH of the NoEXT + NoEE (cocaine control), NoEXT + EE (EE alone), EXT + NoEE (extinction alone) and EXT + EE (extinction combined with EE) groups. Data are the mean (± SEM) values normalized to the cocaine control. ** p < 0.05 compared to NoEXT (main effect of EXT);^p < 0.05 compared to the cocaine control; # p < 0.05 compared to EE alone Figure 5 Effects of EE provided 24 h before or immediately after each of three weekly extinction sessions (A) or provided 4 h before or 6 h after each of three weekly extinction sessions (B) on responding during weekly extinction training sessions and daily cocaine self-administration reacquisition sessions. Data are the mean (± SEM) expressed as percent of baseline responses and shown relative to the EXT + NoEE control.p < 0.05 compared to extinction session 1 (main effect of session). § p < 0.05 compared to reacquisition sessions 2-15 (main effect of session)
during any of the weekly extinction sessions (Fig. 5 B) . Moreover, both EE groups in this experiment reacquired baseline rates of cocaine self-administration during the first reacquisition session, and responding over the reacquisition period did not differ from that of the EXT + NoEE group (Fig. 5 B) . Cocaine intake during the reacquisition period varied by session (F [14, 448] = 2.4, p ≤ 0.003), with overall fewer cocaine infusions during the first reacquisition session compared with all other reacquisition sessions (p ≤ 0.05). Cocaine infusions averaged 17 and 19 infusions per session in the groups receiving EE either 4 h before or 6 h after extinction sessions, respectively.
DISCUSSION
The present findings show that brief periods of EE scheduled at suitable times in combination with cocaine-cue extinction sessions facilitated the rate of extinction learning and deterred subsequent reacquisition of cocaine selfadministration. Each intervention by itself (EXT alone or EE alone), however, was ineffective in deterring reacquisition of cocaine self-administration. The outcome with EE alone is not surprising in light of evidence showing that long periods of EE provided during drug abstinence does not protect against reinstated cocaine-seeking behavior elicited by a cocaine priming injection (Chauvet et al. 2009; Thiel et al. 2009 ). Long periods of EE provided during drug abstinence, however, can reduce reinstated cocaine-seeking behavior elicited by cues or stress (Chauvet et al. 2009; Thiel et al. 2012) , suggesting that EE alone may help lessen the impact of some relapse triggers. In the present study, strategic use of brief EE interventions scheduled both 24 h before and immediately after cocaine-cue extinction training significantly deterred reacquisition of cocaine self-administration. When one of these EE periods was eliminated, however, the protective effects of EE were lost. Furthermore, EE provided 4 h before or 6 h after extinction training, which are time points outside the memory consolidation window (Inda et al. 2005) , also was ineffective in facilitating extinction learning or deterring reacquisition of cocaine self-administration. These findings suggest temporal specificity for the effects of EE and imply that time-dependent processes for neural activation (EE 24 h before extinction) and memory consolidation (EE immediately after extinction) combined may be critical to the beneficial effects of EE. Our molecular analysis provides insights into the brain mechanisms that may underlie the effects of cocaine self-administration and of the effects of EE combined with extinction training for facilitating extinction learning and deterring reacquisition of cocaine selfadministration. Our results show that a history of cocaine self-administration alone can reduce the expression of total GluA1 in NAc and the expression of total GluA1 and pSer845GluA1 in BLA. Others have reported a similar reduction in total GluA1 expression in NAc 24 h after the last cocaine self-administration session (Conrad et al. 2008) , and the present study is the first to report reduced total and phosphorylated GluA1 expression in BLA 24 h after the last cocaine self-administration session. The functional significance of GluA1 reductions detected in close temporal proximity to the last cocaine selfadministration session may relate to cocaine-induced impairments in learning and memory that are typically observed during early phases of cocaine abstinence in people (Potvin et al. 2014) and may be important for maintaining an addictive state (Volkow & Fowler 2000) . In support of this view, loss of GluA1 can impair the ability of synapses to undergo long-term potentiation, which is an essential process for learning and memory (Malinow & Malenka 2002) .
There is evidence that extinction training induces extensive synaptic reorganization, including up-regulation of AMPAR GluA1 (Self et al. 2004; Sutton et al. 2003) . We found that three weekly sessions of cocaine-cue extinction training prior to the reacquisition test phase increased total GluA1 in BLA, vmPFC, NAc and DH, regardless of EE or NoEE exposure. However, others showed that when cocaine-cue extinction training was provided more frequently (e.g. daily for 10 or 22 sessions), total GluA1 was either unaltered (Zavala et al. 2007) or was elevated only in NAc (Ghasemzadeh et al. 2009 ). These findings support the use of weekly spaced extinction training sessions (analogous to that used in some clinical situations; e.g. Hofmann et al. 2015) to optimize synaptic plasticity that opposes the effects of cocaine selfadministration. Along these lines, GluA1 phosphorylation at Ser845 is crucial for AMPAR synaptic insertion and is correlated with induction of both long-term potentiation and long-term depression (Lee et al. 2000; Man et al. 2007) . Thus, the increase in BLA pSer845GluA1 induced by extinction training may contribute to the consolidation of extinction memory (Peña et al. 2014) , which presumably competed with the cocaine selfadministration memory during the reacquisition phase of our study.
However, deterred reacquisition of cocaine selfadministration in rats receiving extinction training combined with optimally scheduled EE cannot be accounted for solely by extinction-induced increases in total GluA1 and pSer845GluA1 expression in BLA and in total GluA1 expression in vmPFC, NAc and DH. Rats receiving extinction training without EE had similar increases, but nonetheless rapidly reacquired baseline rates of cocaine self-administration. The effects of EE are complex, but relatively brief periods of EE exposure (e.g. for a total of 21 h over a 3-week period) can lead to significant synaptic reorganization throughout the cortex (Pinaud et al. 2001) . As rats in the current study received the optimal EE protocol for a total of 24 h, it is reasonable to expect cortical changes in pSer845GluA1. Of relevance are findings in rats showing that facilitation of fear extinction learning requires plasticity in both the vmPFC and BLA (Akirav & Maroun 2007) . In the present study, the combination of extinction training with EE altered pSer845GluA1 in both vmPFC and BLA, whereas extinction training without EE altered pSer845GluA1 only in BLA and EE without extinction training altered pSer845GluA1 only in vmPFC. It is not surprising, therefore, that no individual molecular measure in any single brain region correlated with the behavioral measures obtained during the reacquisition phase. The combined molecular changes in vmPFC and BLA may contribute to the facilitation of extinction learning as well as to the deterred reacquisition of cocaine self-administration observed in rats receiving extinction training combined with optimally scheduled EE. How the combined changes in pSer845GluA1 (decrease in vmPFC; increase in BLA) may contribute to these behavioral changes currently is not clear. Further research investigating AMPAR synaptic and surface expression, as well as its role in synaptic plasticity is needed to determine the functional significance of the observed changes in receptor abundance and phosphorylation. In this regard, an additional protein target to consider for understanding the role of AMPAR GluA1 in the combined effects of EE and extinction training is TrkB. TrkB is a receptor for brain derived neurotropic factor, an important regulator of AMPAR trafficking and synaptic plasticity (Li & Wolf 2011) and also implicated in cocaine self-administration, extinction learning and EE exposure (Franklin et al. 2006; Graham et al. 2007; Morrison & Ressler 2014) . Also of importance may be the degree to which AMPAR changes occur on principle neurons or on GABA interneurons. For example, GluA1-containing AMPARs are located primarily on GABA interneurons in BLA to regulate excitability of BLA pyramidal neurons and control BLA output (McDonald 1996) . Moreover, glutamatergic efferents from vmPFC synapse on GABA interneurons in BLA to regulate BLA function (Rosenkranz & Grace 2002) .
In the present study, we evaluated cocaine selfadministration and cocaine-cue extinction under a second-order schedule for which all sessions began with a cue-only component. During the initial cue-only component of the first extinction training session, rats received 2.1 ± 0.1 cue light presentations under the FR 5 contingency and alongside the background of cocaineassociated white noise. An anticipated injection of cocaine at the end of the initial cue-only component was withheld and immediately followed by extinction training. This aspect of our experimental design is notable because recently it has been emphasized that successful augmentation of extinction therapy in people relies on adherence to several key procedural steps, including pre-exposing subjects to cues before extinction therapy sessions begin . Exposure to cues prior to extinction training has been shown to facilitate the reduction of intrusive memories (Clem & Huganir 2010; Monfils et al. 2009) . Using this type of strategy, a recent study showed that the cognitive-enhancing drug DCS significantly augmented alcohol-cue extinction learning and forestalled reacquisition of alcohol use in participants with Alcohol Use Disorder (MacKillop et al. 2015) . Most clinical work that administered DCS before drug-cue exposure therapy lacked an episode of cue preexposure before the start of extinction training and found that extinction was not augmented and that relapse was not deterred (e.g. Hofmann et al. 2012; Price et al. 2009; Price et al. 2013; Santa Ana et al. 2009; Santa Ana et al. 2015; Watson et al. 2011) . Furthermore, these studies also spaced exposure therapy sessions at too short or long an interval relative to the optimal 1-week period described by Hoffman colleagues . Thus, in the present study, we followed an approach similar to the optimized clinical procedure (cue pre-exposure; weekly extinction training sessions) to evaluate the effects of EE combined with extinction training for the deterrence of cocaine relapse.
In conclusion, this study provides new preclinical evidence that appropriately scheduled brief interventions with EE combined with cocaine-cue extinction training can facilitate extinction learning and deter subsequent reacquisition of cocaine self-administration. Changes in AMPAR GluA1 abundance and phosphorylation at Ser845 in BLA and vmPFC may contribute to these beneficial effects. The strategic use of EE as brief, rather than long-term, interventions is especially interesting from a clinical perspective. Whereas the particular composition of EE used in our research was selected for beneficial effects in rats, the conceptual basis of our EE protocol (physical exercise, social interaction and cognitive stimulation) is documented to provide an enriching experience in humans (e.g. Miller et al. 2013 ) and might be readily translatable to clinical settings to augment the efficacy of drug-cue exposure therapy.
